l. We used path analysis and maximum-likelihood model fitting to evaluate the relative contributions of genetic and environmental factors to the relationships observed between level of blood pressure and both total plasma calcium concentration and platelet cytosolic free calcium concentration in 109 twin pairs. 2. Total plasma calcium concentration was positively associated with systolic (r= 0.26, P< 0.00 1) but not diastolic blood pressure, a relationship which remained significant after adjustment for albumin, age and body mass index. A relationship between platelet cytosolic free calcium concentration and both systolic and diastolic blood pressure (r=0.17 and r=O.13, respectively, P~ 0.05) was no longer significant after adjustment for age and body mass index. 3. Additive genetic influences, unique environmental effects and age contributed to 60%, 30% and 10% of the variance in systolic blood pressure, respectively. Additive genetic effects explained 78% of the variance in plasma total calcium concentration and at least 48% of the variance in platelet cytosolic free calcium concentration in females and 37% in males. 4. Bivariate factor models provided evidence of genetic, but not environmental, co-variation of total plasma calcium concentration and systolic blood pressure, suggesting that a common genetic factor (or factors) contributes to their univariate relationship. In contrast, there was evidence of environmental, but not genetic, covariation of platelet cytosolic free calcium concentration and systolic blood pressure, suggesting that some of the individual experiences specific to each twin may be causing these two traits to vary together. S. The possible confounding effects of adiposity and environmental factors should be considered in future studies investigating the role of intracellular calcium levels in the pathogenesis of hypertension.
INTRODUCTION
The essential role of calcium as a second messenger in a number of the processes that regulate blood pressure, including regulation of muscle contraction, secretion of hormones and neurotransmitters, platelet aggregation and regulation of metabolic pathways, has made it an attractive nexus for the myriad of biochemical alterations that are associated with essential hypertension. In a number of epidemiological studies, several derangements of calcium biochemistry have been described in association with increased levels of blood pressure. A positive association between blood pressure and total plasma calcium concentration in cross-sectional population studies [1-3 I has been one of the most consistent observations. Paradoxically, serum ionized calcium levels have been reported to be lower [4, 51 in case-control studies of patients with essential hypertension. However, this has not been a consistent finding, with other investigators reporting either higher [2, 61 or normal [7, 81 serum ionized calcium levels in hypertensive patients. These inconsistencies have been explained by one author in terms of differences in plasma renin activity [9) . Other likely explanations include patient selection, inadequate matching of subjects and differences in methodology. More consistent observations have been those of elevated levels of circulating parathyroid hormone and increased urinary calcium excretion [5, 10, 11 I, giving rise to a theory of possible renal calcium wasting in hypertensive patients [ 10, II) .
As well as these abnormalities of extracellular calcium homoeostatic mechanisms, recent studies also suggest increased intracellular calcium levels in hypertensive patients, consistent with the hypothesis that a generalized membrane defect (possibly inherited) results in an increase in cytosolic free calcium concentration ([ Ca ~ + );) in vascular smooth muscle, manifesting as increased peripheral vascular resistance 112). Given the inaccessi-bility of human vascular smooth muscle, attention has focused on platelets as a potential model for events at the vascular smooth muscle level. Erne el al. (13) were the first to report that platelet ICa~+)i was significantly higher in hypertensive patients than in normotensive control subjects. A number of investigators have reproduced this finding [14-201, although the degree of overlap between hypertensive patients and normotensive subjects appears considerably greater than that first reported by Erne el al.
113).
These studies have left open the question of whether the increase in [Ca 2 +]; in platelets is an epi-phenomenon secondary to an increase in blood pressure or a cellular marker of an underlying genetic abnormality in hypertensive patients. It is unlikely that the precise nature of the relationship between [Ca l +] ; and blood pressure can be further clarified until the relative importance of genetic and environmental influences on ICa l +)i are established. In the present study, the contribution of genetic and environmental factors to the variance of platelet [Cal + t.
total plasma calcium concentration and blood pressure in healthy, normotensive twins has been examined. In addition, we have investigated the relative importance of these factors in determining the inter-relationships between blood pressure and intra-or extra-cellular calcium levels.
METHODS

Subjects
One hundred and nine pairs of monozygous (MZ) and dizygous (OZ) twins aged between 17 and 65 years were recruited through local community newspaper advertising and the Australian National Health and Medical Research Council Twin Registry. Subjects were screened to exclude any pairs in which one or both twins were receiving drug treatment for chronic diseases including hypertension. cardiac failure, angina pectoris or diabetes mellitus. Subjects with renal or liver impairment or a history of myocardial infarction were also excluded. The protocol for this study was approved by the University of Western Australia's Committee for Human Rights. and informed consent was obtained from all participants.
Study design
Both members of a twin pair attended on the same day on two occasions, 7 days apart. Pairs were seen between 07.00 and 10.00 hours. On the first visit. a questionnaire designed to assess zygosity was administered to each twin independently [21) . In a subset of 42 like-sexed twin pairs examined by DNA fingerprinting [22) , one pair was misclassified by the questionnaire, indicating a likely error rate of 2A'X •. The misclassified twin pair were reclassified to the correct zygosity group before genetic analysis. Our standard health and lifestyle questionnaire was also administered to each twin [23) . Finally. a fasted blood sample was obtained from each subject, without stasis and after 5 min recumbency. On the second visit, suhjects were weighed using a calibrated beam balance and measured for height with a stadiometer. Blood pressure was recorded at least 10 min after arrival at a clinic by semi-automatic, non-invasive sphygmomanometry (Dinamap Vital Signs Monitor 845XT; Critikon Inc, Tampa, FL, U.S. A.) with readings taken at 2 min intervals for 20 min with subjects resting supine. After discarding the first reading for each subject, systolic and diastolic blood pressures were calculated as the means of 10 supine measurements.
Measurement of [Ca H ];
Platelet and lymphocyte [Ca H 1 was measured by a modification of previously published methods [24, 25) . Samples from twin pairs were assayed in parallel. Whole blood was collected into acid citrate dextrose (75 mmol/I trisodium citrate, 38 mmol/I citric acid and 139 mmol/I Dglucose, 1-9 voL). Cells were separated by a two-step zonal centrifugation process (Ficoll-Paque followed by a sucrose gradient) (26) . The leucocyte suspension contained at least 90% mononuclear leucocytes. Assuming a cell volume of 230 fl for lymphocytes and 7 fl for platelets, platelets contributed approximately 4.9% of the total cell volume to the lymphocyte suspension. The platelet suspension contained one lymphocyte for every 167 platelets on average. This is equivalent to approximately 20% of the total cell volume of the platelet suspension. These results are in accordance with other studies (27) .
Platelet and lymphocyte suspensions (I x lOx cells/ml and 2 x 10 6 cells/ml, respectively) were incubated with 1 !lmol/I Fura-2 acetoxymethyl ester in dimethyl sulphoxide at 3rC for 30 min in duplicate. Cells were washed to remove extraneous dye and were resuspended and equilibrated for 30 min in a simplified saline (145 mmol/I NaCl) buffer with 1 mmol/I calcium. Fluorescence was measured in a 3000 u.v.-visible spectrofluorimeter (Hitachi. Tokyo, Japan) using a thermostatically controlled (3rC) quartz cuvette with a magnetic stirrer at 340 and 380 nm excitation wavelengths and a fixed emission wavelength of 500 nm. [Ca 2 +); was calculated as described by Grynkiewicz [24] based on the equation:
where R is the ratio of the fluorescence of the intact cell suspension at 340 and 380 nm, Rmin. and Rmax. are the ratios for the fluorescence intensities of the Fura-2 free acid at the same wavelengths in nominally zero Ca 2 + and at saturating Ca 2 +, respectively, and b is the ratio of fluorescence of Fura-2 free acid at 380 nm in zero and saturating Cal +. The dissociation constant (K d ) of the Cal + -Fura-2 complex was assumed to be 224 nm at 3rC in the cytosolic environs.
Correction for autofluorescence was made by subtracting the fluorescence of an equal concentration of unloaded cells plus dimethyl sulphoxide from the cells loaded with Fura-2 under the same conditions. [Ca~ + /; is expressed in nmol/I and the values given arc the means from duplicates. For platelets and lymphocytes, intraassay variability was approximately 5°/.. and 6% and inter-assay variability was approximately 9% and 7%, respectively.
Other biochemical analyses
Total plasma calcium and plasma albumin concentrations were analysed on a SMAClI autoanalyser, using Technicon reagents and methods (Bayer Diagnostics, Melbourne, Australia), by the staff of the Department of Biochemistry at the Royal Perth Hospital.
Statistical analysis
Much of the preliminary statistical work was carried out using the Statistical Package for the Social Sciences (SPSS Inc., U.S. A.) . Before analysis, the frequency distribution of each variable was examined to determine if any deviations from Gaussian distributions occurred. Platelet [Ca 2 + Ii was not normally distributed and was reciprocated to normality.
Associations between phenotypes were analysed by Pearson product-moment correlations and multiple linear regression. In order to explore the possible relationships between platelet {Ca~+li and blood pressure, we have regarded the observations in this study as independent. However, this is not strictly true, since the data are from twin pairs. This means that the correlations calculated are usually correct but the estimates of these correlations are deflated. Therefore, the P values are less than conservative.
Using the health and lifestyle questionnaire, a number of lifestyle variables encompassing such traits as alcohol consumption (ealculated in ml of ethanol per week from a retrospective diary of the number and volume of all drinks consumed in the preceding week), level of physical activity (assessed from self-reported number of days per week on which a variety of vigorous physical activities were undertaken), marital status, education, smoking status and caffeine consumption (cups of tea and/or coffee consumed per week) were considered as potentially relevant to blood pressure. A screening step which searched for associations between these categorical lifestyle variables and the continuous dependent variables was performed using Spearman rank correlations. Each variable was considered for further evaluation if the correlation was significant at the 10% level. The next step involved regressing a given phenotype on the lifestyle variables selected from the univariate correlations. The variables were entered in a stepwise manner retaining only those terms significant at the 5% level.
Genetic analysis
When the 109 twin pairs were grouped by sex and zygosity, there were 44 MZ females, 31 DZ females, 14 MZ males, nine DZ males and II DZ pairs of opposite sex. One-way analysis of variance and group contrasts were used to assess differences in means across the five twin groups. Male-female and MZ-DZ differences in variance for each variable were assessed by using r·:'tests. The presence of genotype-environment interaction was assessed by examining the correlation of the absolute intrapair differences, a measure of environmental influences within families, with the absolute intra pair sums, a measure of genetic and shared environmental effects, in MZ twins for each variable [28) .
Path analysis and maximum-likelihood model fitting were used to partition and evaluate the contribution of genetic and environmental factors to the total phenotypic variance for each trait. The methodology was based upon the standard biometric model described by links & Fulker (28) and Eaves et al. (29) . The raw data from the five twin groups were summarized into co-variance-variance matrices using the pre-processor package PRELlS 1.12 (30). A series of models of genetic and environmental contributions was specified and fitted to the co-variance matrices using L1SREL 7.16, a program for linear structural equation modelling (31, 32) .
Path analysis was used to specify the expected contributions of genes and environment to the observed covariances and variances of the five groups of twins. Fig. 1 represents a simple univariate path diagram including three possible sources of variation. These are: A, additive genetic variance, i.e. the sum of the average effects of all the genes that influence a phenotype; C, variance due to the environmental effects common to both members of a twin pair; E, variance due to environmental effects unique to each twin. Basically MZ twins share all the genetic effects and therefore the correlation between genotypes of MZ twins for 1.0 . Assuming that mating is random and that genetic non-additivity, i.e. dominance or epistasis, is not present, DZ twins share on average half the additive gene effects and have a genetic correlation of 0. 5 . The correlation between common environmental effects is 1.0 for MZ and DZ twins, since the common environment should act equally on each twin and on both twin types. The unique environmental effects, which include measurement error, are uncorrelated as indicated by the absence of a connecting arc.
Maximum-likelihood estimation was used to fit the data to each model. It provides a X 2 test of the overall goodness of fit of the data to the model and estimates of the model parameters. The overall X2 tests the agreement between the observed and the predicted statistics. A large X2 indicates a poor degree of fit. If the model fits well then the data are consistent with the model. However, if the model fits badly then it is rejected in light of the data. A full model accounting for additive genetic effects and both common and unique environmental effects was fitted and a test of the overall goodness of fit was examined. If the model fitted. then the relative importance of A and C were assessed by dropping each parameter in turn from the model and determining if there was a significant reduction in the goodness of fit. Age, a potential source of variation contributing to the difference between, but not within pairs, was included where appropriate [331.
This method led to a preferred, most parsimonious model, estimates of the variance attributable to each parameter (A, C. £ and age) and a test of the significance of each. The parameters are expressed as the estimated proportion of the total phenotypic variance which was P. D. WiUiams et al. 1 calculated by dividing the square of the estimate of each parameter by the sum of the square of all the estimates. Differences in genetic and environmental influences between the sexes were tested by deriving estimates for each sex separately and then constraining the estimates to be equal across the two groups. If the residual Xl of the model obtained from the males and females jointly was significantly greater than the sum of the residual Xl of the males and females separately, this indicated sex heterogeneity, i.e. that the estimates of genetic and environmental influences were different for males and females. When sex heterogeneity was indicated, the analyses were performed on each sex separately. When there was no significant difference in the estimates between males and females, the DZ pairs of opposite sex were included in the analysis.
RESULTS
Means, 95% confidence intervals and tests for sex differences are presented in Table 1 . The males were significantly younger, heavier and taller than the females. The blood pressures ranged from 96/53 mmHg to 144/ 92 mmHg. Although systolic blood pressure was significantly higher in males than in females, there was no sex difference in the means for diastolic blood pressure ( Table  I) .
Systelic blood pressure was positively associated with age and weight in females (r = 0.34, I' < 0.00 1 and r=0.20, 1'=0.014, respectively) and showed similar, although non-significant, trends in males (r= 0. 22 There was no discernible sex difference in means for platelet [Cal + L between males and females (Table 1) . Platelet (Ca H Ii wa.. negatively associated with total plasma calcium concentration in females and tended towards a similar association in males ( Table 2 ). There was no association between platelet (Ca 2 +1 and plasma albumin concentration in either sex ( Table 2 ).
In the whole population, platelet [Ca H l was positively associated with both systolic blood pressure (r=0.166, 1'=0.015) and dia .. tolic blood pressure (r=0.134, £>=0.05). The relationship with systolic blood pressure largely resulted from the positive association seen in females (Table 2} .ln males, platelet [Cal + 1 was unrelated to systolic blood pressure but showed a positive. although non-significant, correlation with diastolic blood pressure ( Table 2) .
Platelet [Ca 2 +1 in females was also positively related to weight and body mass index (Table 2) . After adjustment for age and body mass index by multiple regression, the relationship between platelet [Ca 2 +Ji and systolic blood pressure in females was attenuated (£>=0.075). When this analysis was repeated for males and females combined, after adjustment for sex, age and body mass index, platelet [Ca2+li was not a significant predictor of the variance in either systolic or diastolic blood pressure.
Lymphocyte (Ca 2 +); was strongly correlated with platelet [Ca 2 +li (r=0.354, £><0.001) but the correlations with both systolic (r=0.124, £>=0.07) and diastolic (r= 0.112, P= 0.087) blood pressure did not achieve conventionallevels of significance.
Total plasma calcium, plasma albumin and albuminadjusted total plasma calcium concentrations were significantly greater in males than in females (Table 1) . Total plasma calcium concentration was positively related to systolic blood pressure in the total population (r=0.261, P<O.OOl) and in females (r=0.220, P=0.005) and followed the same direction for males (r=0.138, not significant). Diastolic blood pressure was not significantly correlated with total plasma calcium concentration in the total popUlation (r=0.03, not significant), males or females (r= -0.086, not significant, and r= -0.094, not significant, respectively). After adjusting for the effects of albumin, age and body ma<;s index in a multiple regression analysis of the data for females, total plasma calcium concentration remained an independent predictor of systolic blood pressure (1'=0.055). When this analysis was repeated on the combined data set with sex included as a dummy variable, total plasma calcium concentration was a significant predictor of systolic blood pressure (1'= 0.020).
In stepwise multiple regression analysis including the lifestyle variables, age, sex and heavy alcohol consumption 
Genetic analysis
Using one-way analysis of variance and group contrasts there \Vas no significant difference in means or variances between MZ and DZ pairs of the same sex for any variable. There was no indication of genotype-environment interaction for any variable. There was a significant correlation between the absolute MZ intrapair difference and the MZ intrapair sums for total plasma calcium concentration. However, this interaction could be attributed to the choice of scale since it was removed by logarithm 10 transformation of the data. The genetic analysis for total plasma calcium concentration was performed on the transformed data. The Pearson correlation coefficients and the variance-co-variance matrices (twin 1 versus twin 2) for all variables by zygosity and sex are listed in Table 3 . The finding of larger correlations for the MZ twin pairs in comparison with DZ twins of the same sex is consistent with a significant contribution of genetic effects to their variance. This was analysed further by path analysis and maximum-likelihood model fitting, the results of which are listed below for each phenotype.
Systolic blood pressure. A sex difference in means is not important with regard to the genetic analysis as the PRELlS program generates co-variance matrices in which deviations are measured from their own sex mean. There was no indication of sex heterogeneity (X 2 = 4.39, 4 degrees of freedom, P= 0.356) and so all five twin groups were included in the univariate genetic analysis for systolic blood pressure. Age contributed significantly to the variance in systolic blood pressure for females Table 4 reports the model of best fit for each variable, the percentages of the variance attributable to each parameter in that model and the likelihood ratio tests of significance for each parameter. Additive genetic effects accounted for 60% of the variance, 10% was due to age and the remaining 30% was attributed to unique environmental factors.
Diastolic blood pressure. For both diastolic blood pressure and platelet [Ca 2 + t there were significant differences in variance between the sexes (Fi2.15~ = 1.66, /'= 0.037, and F.<!>.I!>II = 1.70 , /'= 0.0 11. respectively). A significant difference in variance between the sexes may indicate that genetic or environmental factors are acting unequally upon these variables. Therefore, data for males and females for both these variables were analysed separately. With the data for diastolic blood pressure in males. the pattern followed that seen for systolic blood pressure. The model which best described the data contained age, additive genetic influences and unique environmental factors (X 2 = 6.10, g degrees of freedom, /'= 0.636 J.
Additive genetic effects explained 52(1'0 of the total n'"
variance, 38% was explained by age and 10% was attributed to environmental factors specific to the individual (Table 4 ) . With respect to the data for females, the contribution from age was again significant (X2 = 24.96, 1 degree of freedom, P<O.OO1). The full model containing all parameters explained the data well (X 2 =2.87, 7 degrees of freedom, P= 0.897); however, excluding A or C did not result in a significant loss of fit (X 2 = 1.07, 1 degree of freedom, P=0.301 and X 2 =0.38, 1 degree of freedom, P= 0.538, respectively). Excluding both parameters led to a significant loss of fit (X2 = 20.83,2 degrees of freedom, p< 0.001). This indicates that there is a significant family contribution but there is insufficient power to ascribe the variance to either genetic or common environmental effects. Since dropping A from the model gave a slightly better X2 and considering the models chosen for the blood pressures thus far, the preferred model was that which included age, unique environmental and additive genetic variance (X 2 =3.25, 8 degrees of freedom, P=0.918). Age, genetic influence and unique environmental effects accounted for 23%, 43% and 34% of the variance in diastolic blood pressure in this female population, respectively (Table 4 ) .
Platelet rea H /;. The complete model with A, Cand E was the model of best fit for both females and males (Xl = 1.49, 3 degrees of freedom, P= 0.685 and X2 = 0.73, 3 degrees of freedom, P= 0.867, respectively). Excluding A from the data for females and males incurred a significant loss of fit (X2 = 12.09, 1 degree offreedom, P< 0.00 1 and X2 = 8.04, 1 degree of freedom, /'=0.005, respectively), indicating a significant genetic component of the variance. Excluding Cdid not result in a significant loss of fit in either females or males (X2 = 2.76, 1 degree of frcedom, /'= 0.100 and X2 = 2.0 I, I degree of freedom, /'= 0.156, respectively). We chose to include the common environmental effects in the model of best fit for both sexes, since its contribution to the variance was relatively large and approached statistical significance. In females, additive genetic effects accounted for 48% of the variability of platelet [Cal + t. while unique environmental factors accounted for 10% and a common environmental influence for 42% (Table 4) . In males the estimates were 37%, 3% and 60%, respectively (Table 4) .
Total plasma calcium concentration. Total plasma calcium concentration was not associated with age in females (r=0.04, P= 0.582). Although there was a significant negative association between total plasma calcium concentration and age in males (r= -0.39, /'=0.003), age did not contribute significantly to the variance of total plasma calcium in males (Xl = 0.72, 1 degree of freedom, /'=0.396). All twin groups were included in the analysis. since there was no indication of sex heterogeneity (X 2 = 2.04, 2 degrees of freedom, /'= 0.361). The full model explained the data (X 2 = 18.34, 12 degrees of freedom, /'= 0.106). Excluding the additive genetic effects resulted in a significant loss of fit (X2 = 13.71, 1 degree of freedom, P< 0.00 1), whereas excluding the common environmental influence led to no loss of fit (X 2 = 0.00). The DZ correlation was less than half the MZ correlation for total plasma calcium concentration (Table 3) ; however, a formal test for dominance was not significant (X2 = 0.20, 1 degree of freedom, P=0.655). Therefore, the model which described the data best contained A and E (X2= 18.34, 13 degrees of freedom, P=0.145). Additive genetic effects accounted for 78% and unique environmental effects accounted for 22% of the variability in total plasma calcium concentration (Table 4) .
Bivariate analysis
The methods used to estimate the genetic effects in a trait can also be used to determine whether some or all of the factors that contribute to the variance in 'one trait could also contribute to the variance in the other trait. In particular, we wish to test for the presence of genetical covariance between two traits and to determine whether this arises because one trait influences the other, vice versa, both or neither. Fig. ,2 shows a path diagram for a general bivariate factor model. Only the model for one of the twins is depicted and the whole structure is replicated for the second twin.
Bivariate models were specified for platelet [Ca 2 +1 i and systolic blood pressure, and for total plasma calcium concentration and systolic blood pressure. Only the data from females were used, since the small number of males was subject to large sampling errors and their inclusion may have led to spurious results. In addition, the inclusion of such small numbers of pairs would not appreciably increase the resolving power of the study. Table 5 shows the bivariate models fitted to the data for platelet [Ca 2 +1i and systolic blood pressure in females.
The bivariate models included age, genetic effects and unique environmental influences for both variables and he and a general common environmental factor. C" which has the corresponding paths 'c and 'e. In addition. this model allows for a general unique environmental factor. f,. which influences the two traits to the extent e c and ee. and a general age effect with paths Oc and 0B' Each of these influences are common to both phenotypes and would dictate that the two traits are perfectly correlated. Therefore, we also allow for the possibility that there are influences specifIC to one or other trait. Unfortunately. in the bivariate case. it is not possible to estimate loadings on a common factor and on two specific influences. so we only estimate one set of specifics. Since this choice is arbitrary. the specific unique environment. common environment and additive genetic influences (E,. C. and A •• respectively) were placed on blood pressure. Because of this arbitrariness. less interest is placed on the values of the parameter estimates than on their statistical significance. In addition. paths ; and ;' represent the direct effects of the first trait on the second trait and vice versa. In this Figure only the model for one of the twins is depicted with the whole structure replicated for the second twin. The full path diagram would have a double-headed arrow indicating a correlation between the additive genetic sources of variance, both AI and A,. for both twin I and twin 2. with a value of 1.0 for HZ twins and 0.5 for DZ twins. Similarly. the general and specific common environmental sources of variance are correlated 1.0 for HZ and DZ twins. By definition. the unique environmental effects are uncorrelated. Various hypotheses may be tested by setting different combinations of these paths to zero and observing the effect on the fit. This is formally tested by Xl likelihood ratio tests or the difference between Xl goodness of fit of the full and reduced models.
va nation between platelet [CaH)i and systolic blood pressure. When ell = 0, i.e. excluding the unique environmental correlation, there was a significant loss of fit (Xl = 3.63, 1 degree of freedom, P= 0.056), indicating the presence of unique environmental co-variation between platelet [Ca~ +); and systolic blood pressure.
nate between the factor and direction of causation models.
The bivariate models for total plasma calcium concentration and systolic blood pressure contained age, genetic effects and unique environmental influences ( Table 6) . The simple bivariate factor model explained the data well in females. When the genetic effects and unique environmental correlations were excluded from the model simultaneously, there was a tendency towards a significant loss of fit (Xl = 4.63, 2 degrees of freedom, /'= 0.099), implying co-variation of our two phenotypes. Excluding the unique environmental correlation did not lead to a loss of fit (X1=0.83, I degree of freedom, /'={).362). Excluding the genetic correlation led to an increase in X1, which was not significant (Xl = 2.39, 1 degree of freedom, /'=0.122). This observation of a greater increase in X1 when the genetic correlation was excluded is evidence suggestive, although not unequivocally, of genetic coThe second type of bivariate model tests a more restrictive hypothesis, that platelet [Cal + li has a direct effect on systolic blood pressure, and the alternative hypothesis, that systolic blood pressure causes variation in platelet [Ca H li' This is done by allowing j and j' to be free while setting hll = ell = ell = O. This reciprocal causation hypothesis also described the data well (Table  5) . Further to this, we tested the individual path submodels to determine which is more likely to be the true direction of causation. Table 6 shows that both direction of causation submodels fit the data well. We do not have the statistical power in this small population to discrimi- Table 5 . Bivariate models fitted to the platelet [Cal+ 1. and systolic blood pressure data from the female twin pairs. This Table includes the Xl 'goodness of fit' index and the specific submodels to test for co-variation, genetic co-variation and unique environmental co-variation. Hypothesis I: 'co·variation' (model I versus model 4), likelihood ratio Xl = 6.92, 3 degrees of freedom, P = 0.074. Hypothesis 2: 'genetic co-variation' (model I versus model 2), fikelihood ratio Xl=O. 04 . I degree of freedom, P=0.842. Hypothesis 3: 'unique environmental co-variation' (model I versus model 3). likelihood ratio Xl = 3.63. I degree of freedom, P =0. 056 results, each of the direction of causation models fits the data well, but with insufficient resolving power to discriminate between the factor and direction of causation bivariate models.
DISCUSSION
We have found a positive association between systolic blood pressure and both platelet [CaH]i and total plasma calcium concentration in 109 pairs of normotensive twins. This observation has extended previous studies of this relationship by allowing precise definition and quantification of the contribution of additive genetic effects to each of these phenotypes.
The magnitude of the cross-sectional relationships between platelet [CaZ +]i and blood pressure reported in this study were quite small. We have already mentioned that caution is indicated in the interpretation of these associations because our twin subjects could not be considered a random sample and the observations within a twin pair cannot, in the strictest sense, be considered independent. However, similar caution is necessary in any assessment of previous reports, where cross-sectional relationships have generally been determined from casecontrol studies. Such an approach combines arbitrarily selected hypertensive patients and normotensive subjects who have already been clearly demarcated by a deciding variable, making analysis of linear relationships difficult. In fact. no true population-based studies of the relationship between platelet [Ca! +]; and blood pressure have been conducted and in case-control studies, the entire spectrum from very weak to extraordinarily high correlations have been reported. No study has been able to reproduce the strong correlations first reported by Erne et al. [13] . These approached unity and it has been commented [20] that such correlations were stronger than those seen for blood pressure between two visits in anyone.
individual. In contrast, Hvarfner et al. [17] , after correcting for the influences of parathyroid hormone, ionized Ca H and body mass index, estimated that [CaH]i levels could only explain 5% of the variability in mean blood pressure. In general weaker relationships, as observed in the present study, have been shown.
We also report a positive correlation between platelet [Ca H ]; and both body mass index and weight. Prior to this report there has been the suggestion of an association between platelet [Ca z +]; and weight [38] , and an observation of a decrease in platelet [Ca 2 +]i in obese subjects on a weight-reducing diet [39] . Recently, a positive association between obesity and erythrocyte [Ca 2 +]i' as measured by '~F-n.m.r. has been reported [40] . Contrary to this, a negative association between erythrocyte total calcium content and both age and weight has also been observed [41] . However, these latter results may be specific for the total calcium assay, which is physiologically less meaningful than [Ca z +];.
After correcting for any effects of age, sex and body mass index, we were no longer able to demonstrate a relationship between platelet [Ca 2 +1 and blood pressure. However, with no a priori hypothesis regarding the relationships betwecn platelet [Ca~ + ]i' obesity and blood pressure, the inclusion of these variables in multiple regression models may be obscuring a true association, as the effect of adiposity on blood pressure may ultimately be mediated by changes in [Cal + Ii levels. Our study and others [411 have raised the possibility that weight and/or obesity may have contributed to the differences often observcd in case-control studies where subjects have not been matched for weight or body mass index. In support of this, the one study in which hypertensive patients and normotensive subjects were well matched for weight showed no significant difference in platelet [Caz+)i between these groups (38) .
Using path analysis and maximum-likelihood estimation procedures, this study has demonstrated significant genetic influences for systolic and diastolic blood pressure, platelet [Ca 2 +)i and total plasma calcium concentration. Twin studies have now been utilized for over half a century [42) to examine the interplay of genetic and environmental factors influencing blood pressure variability. Overall, studies have suggested that genetic effects playa fairly major role, contributing approximately 50% to the individual variability of blood pressure in humans [43] [44] [45] [46] [47] . We have confirmed these findings in our study, where additive genetic effects were found to account for 60% of the variability in systolic blood pressure in both males and females and 53% and 43% of the variability in diastolic blood pressure in males and females, respectively. In support of some [45, 48) but not all [43) studies, we have shown that additive genetic effects were less influential to diastolic than systolic blood pressure variability. Indeed, while age was shown to contribute approximately 10% to the variability in systolic blood pressure, this increased to approximately 20-30% for diastolic blood pressure. It has been suggested that there is an increasing impact of individual environmental influences on blood pressure with age [49) . We have also confirmed the finding of other authors [48, 49] that there were no significant contributions of common, i.e. shared, family environmental factors to blood pressure levels in this twin popUlation.
We report that a significant proportion of the variance in platelet [Caz+)i can also be attributed to additive genetic effects. The model of best fit featured genetic influences and both unique and common environmental effects. According to this model, genetic effects explained approximately 48% of the variance in females and 37% in males. This is the first study that has investigated relative genetic and environmental influences on platelet [Ca 2 +)i' Since in both females and males the common environmental effects were non-significant, the more parsimonious model containing only genetic and unique environmental factors could also adequately explain our data and would indicate that the contribution to platelet [Ca 2 + I; variability from genetic influences could be as high as 89% for females and 96% for males. We have chosen" to include the common environment parameter in our model of choice, since its contribution to the variance almost approaches statistical significance and represents a relatively large component. Samples for determination of platelet [Caz+)i for each twin pair were collected and analysed together and such a large nonsignificant contribution from common environment may have resulted from shared analytical variation rather than being a true retlection of the contribution of shared twin environment.
This twin method was employed to test for the presence of genetic co-variation between platelet ICa 2 '1. The tlnding of unique environmental co-variation between platelet [Ca 2 +)i and systolic blood pressure suggests that some of the experiences unique to each twin may be causing the two traits to vary together. Since body mass index was related to both platelet [Ca 2 +1 and blood pressure and its variability has been shown to be partially due to unique environmental influences [50), we can speculate that it may have contributed to the unique environmental co-variation observed between platelet [CaH)i and blood pressure.
Shear stress forces [51), increased presence of circulating agonists or contact with endothelial lesions could result in increases in platelet [Ca2+1 secondary to the pressure rise. In the present study, the majority of subjects have blood pressures which would not normally be regarded as 'hypertensive'. Nevertheless, it is conceivable that pressure-related shear forces might influence platelet function increasingly throughout the entire range of blood pressures. In addition, subjects with 'low normal' pressures have been shown to have lower circulating plasma adrenaline levels than those with 'high normal' pressures [52) and circulating adrenaline may lead to platelet activation. Unfortunately, it is difficult to isolate these effects since [Ca 2 +)i levels regulate a number of interrelated events in the platelet. In this twin study our bivariate factor and direction of causation models all fitted the data equally well, preventing us from further resolving this issue of whether the increase in platelet [Ca 2 + Ii is a primary or secondary event.
In the present study, total plasma calcium concentration was positively related to systolic blood pressure even after correction for sex, albumin, age and body mass index. In support of other studies [53) , genetic intluences accountcd for a large percentage of the variability of total plasma calcium concentration. In addition, the data suggest that there may be genetic co-variation between total plasma calcium concentration and systolic blood pressure. This would imply that a genetic factor influences the relationship betwcen these two variables. Duc to a lack of resolving power, we were unable to distinguish between the factor models and the unique direction of causation models. However, a direct effect of Ca 2 + on the peripheral vasculature has been suggested by calcium infusion studies [54) .
ft is important for the twins to be representative of the general population with respect to the traits of interest if we wish to extrapolate the results found in them to the general population. Since the mean levels and ranges for males and females for our variables are similar to those reported for normotensive singletons in the general population [13. 17.381 . it would seem reasonable to assume that. with respect to these variables. our twins are under the same genetic and environmental influences as the rest of the popUlation.
If there is a large genetic influence for a particular trait it is generally considered that the trait cannot be easily modified by alterations to the environment. This is a misconception. This genetic influence relates only to the variance about the mean and thus a substantial change in the mean may be effected by an environmental change while the variation about the mean and the various sources affecting that variation remain as before. Thus a finding of significant additive genetic variance for blood pressure does not preclude the importance of the modification of environment in the management of hypertension. Given the positive association we have reported between weight and platelet [Ca 1 + t. these comments may also be relevant to the mean levels of platelet [Ca 2 +)i reported in previous studies of hypertensive patients.
In summary. the present study has confirmed the previously reported positive associations between blood pressure and both platelet [Ca 1 +)i and total plasma calcium concentration in 109 pairs of normotensive twins. and has highlighted the important role of weight and body mass index as potential confounders of these relationships. We have demonstrated that genetic influences significantly contribute to not only the variance in systolic and diastolic blood pressure but also to the variance in total plasma calcium concentration and platelet [Ca 1 +t.
and have found evidence suggestive of genetic co-variation of total plasma calcium concentration and systolic blood pressure. The finding of significant unique environmental co-variation between platelet [Ca 2 + t and systolic blood pressure indicates that environmental factors. including adiposity. need consideration in any future studies investigating the role of intracellular calcium levels in the pathogenesis of hypertension.
